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In situ scanning tunneling microscopy and time-resolved reflection high-energy electron diffraction
measurements were performed to study the nitridation process of the As-terminated GaAs~001!-
(234) surface by using electron cyclotron resonance plasma-assisted molecular-beam epitaxy. We
report the real-space atomic structure of the coherently strained (333)-ordered GaN monolayer on
GaAs~001! after a limited-exposure nitridation process and the atomically smooth morphology of
this nitrided surface. The unique (333) phase is found consisting of nitrogen dimers and a regular
array of missing nitrogen rows in both @1¯10# and @110# directions. © 1997 American Institute¬ of
Physics. @S0003-6951~97!00829-2#Cubic ~b- or 3C-! gallium nitrides and their related al-
loys have recently attracted many research efforts because of
their potential for applications in high-power, high-frequency
electronic devices, and optoelectronic devices over a broad
range of wavelengths.1–7 This is also motivated by theoreti-
cal predictions that the electronic properties of the meta-
stable b-GaN are more superior to its wurtzite counterpart,
a-GaN. Excellent p-type doping properties have already
been demonstrated for b-GaN.8 However, the lack of suit-
able substrates, similar to the case of a-GaN, is a problem of
considerable magnitude. Currently, heteroepitaxial growth of
b-GaN on lattice-mismatched cubic substrates using non-
equilibrium growth techniques such as molecular-beam epi-
taxy ~MBE! is necessary to obtain b-GaN films. Among sev-
eral potential substrates for growing b-GaN, the @001#-
oriented GaAs wafer is particularly appealing because of
well-developed processing technologies, excellent quality,
and a cubic zinc-blende lattice structure.
To reduce the effects of large mismatches in the lattice
constants ('20%) and thermal expansion between GaAs
and GaN, the initial nitridation process of GaAs before start-
ing the nitride growth is universally reported to be very criti-
cal for achieving better film quality.9,10 Despite its impor-
tance for growing nitride materials and Ga(As12xNx) mixed-
anion alloys, very little has been known about the atomic-
scale nature of the nitridation process.11–13 While a rough
and relaxed surface morphology is typically found after a
prolonged exposure of active nitrogen in most of nitridation
studies reported to date,10,11 Hauenstein et al.11 have recently
shown by using reflection high-energy electron diffraction
~RHEED! results that a specular, (333)-ordered, and coher-
ently strained GaN film ~approximately one monolayer in
thickness! can be formed on GaAs~001! through limited-
exposure surface nitridation. Interestingly, RHEED patterns
with a (333) order have also been observed by us during
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growth of Ga(As12xNx) alloys with a large N content.14
We report here a real-space atomic-scale study concern-
ing the nitridation process of GaAs~001! with an active ni-
trogen radical beam. The experiments were performed in a
multiple-chamber ultra-high-vacuum system comprising an
MBE apparatus for sample growth and a scanning tunneling
microscopy ~STM! chamber. The MBE system used in this
study is equipped with a compact ECR microwave ~2.45
GHz! plasma source ~Taisei Industrial Co., Japan! to provide
the active nitrogen flux and an EPI arsenic valved cracker.
After degassing at 300 °C and surface oxide layer desorption
at 600 °C, Si-doped GaAs buffer layers ('1000 Å) were
deposited at a substrate temperature of 565 °C. The surface
quality of the As-terminated (234)b2-reconstructed15
buffer layers was examined by STM to be atomically flat and
well ordered, consisting of two-As-dimer two-missing-As-
dimer per unit cell. During the nitridation process, the Ga
cell shutter and the As cracking cell valve were closed and
the nitridation rate was controlled by a variable leak valve,
through which a steady flow of high-purity ~99.9998%! N2
gas was introduced into the ECR source. The MBE chamber
pressure during nitridation was adjusted to be around 7.0
31026 Torr and the input power to the ECR plasma source
was 265 W. During STM measurements and sample transfer,
the base pressures of the STM and transfer chambers were
better than 6.0310211 Torr. All STM images presented here
were obtained in the constant tunneling current mode.
The performance of the ECR plasma source was charac-
terized by optical emission spectroscopy ~OES!. The OES
measurements were performed by monitoring the nitrogen
plasma through the quartz plasma discharge tube using a
optical fiber attached to a monochromator ~JASCO, CT-
10PT! equipped with a 300 lines/mm grating. Dispersed
spectra were detected with a 512-channel photodiode array
detector ~Hamamatsu, C-5946, spectral range: 200–1000
nm!. Figure 1~a! shows a representative OES result obtained/71(3)/362/3/$10.00 © 1997 American Institute of Physicsll Rights Reserved.
under the selected operating conditions. The spectrum is
dominated by intense atomic nitrogen emission peaks at 747,
822, and 868 nm,16,17 indicating a considerable amount of
neutral nitrogen radicals was indeed generated by this
source. Peaks associated with the first negative series of
N2
1 molecular ions were also observed at 391 and 428 nm
due to the B2(u
1!X2(g1 transition, but their intensities
were much weaker than those generated by typical ECR
plasma sources at low N2 gas flow rates.16 The ionized por-
tion of the nitrogen plasma beam has been suggested to have
detrimental effects on the grown film morphology. We
speculate that the observed smooth morphology of the ni-
trided GaAs surfaces in our experiments is due to the unique
characteristics of this plasma source.
In Fig. 1~b!, we show the temporal behavior of the
RHEED patterns of a GaAs~001!-(234) surface, which is
exposed to a N radical beam. After exposure to the N radical
beam and simultaneous closure of the valved As cracking
cell, we find that the (234) pattern gradually evolves into
the N-induced (333) pattern ~similar to what was observed
in Ref. 11! in '35 s under the selected plasma source oper-
ating conditions and a substrate temperature of 565 °C. Con-
currently, the intensity of the specular reflection beam in the
RHEED pattern initially decreases, then recovers toward
about '80% of its initial value when the RHEED pattern
changes to a specular (333) pattern. The stabilization time
FIG. 1. ~a! OES spectrum showing the characteristics of the ECR micro-
wave plasma source used in the experiments. ~b! Temporal plot of the
RHEED specular beam intensity during the nitridation process of an As-
terminated GaAs~001!-(234) surface. The operating conditions of the
plasma source are identical for both cases.Appl. Phys. Lett., Vol. 71, No. 3, 21 July 1997 Copyright ©2001. Aneeded to obtain the (333) pattern after starting the N ex-
posure is extremely reproducible as long as the experimental
conditions are the same.11,12 The observation of temporal
changes in the RHEED intensity resembles very well that
which occurred in the Sb-for-As anion exchange reaction on
InAs~001! reported by Collins et al.,18 and is a good indica-
tion that a similar anion exchange reaction might also exist
in this case. Considering the high volatility of As at this
sample temperature, and the large difference in Ga–N and
Ga–As bond energies,11 it might not be surprising that the N
atoms can readily replace the As atoms and bond to the Ga
atoms.
Shown in Fig. 2 is a large-scan STM image obtained on
the nitrided GaAs~001! surface after '30–35 s of active N
exposure. We can observe an atomically flat surface mor-
phology @comparable to the original b2(234) surface# de-
spite exposure to the N radical beam. Also, the STM image
shows that most of the topographic maxima exhibit a (3
33) ordering except a few bright protrusions, which may
originate from the impurity gases included in the nitrogen
flux and some small isolated areas forming short
32-ordered rows along the @1¯10# direction. This indicates
the (333) structure is a genuine phase rather than a super-
position of phases with different surface periodicities. Close
examination reveals that the 32-ordered rows consistently
display a brighter topographic contrast of '0.5 Å higher
compared to the surrounding (333) regions on the same
terrace. This contrast is significantly smaller than any inter-
atomic distances of GaAs and GaN crystals. Therefore, the
most plausible origin of the observed contrast should be re-
lated to an electronic effect, i.e., dependency of tunneling
probability on the different chemical species of surface at-
oms. Based on the observed topographic contrast and the
exposure time dependency of the density of 32-ordered
rows, we conclude the small isolated 32-ordered rows
should mainly consist of As dimers, i.e., the remaining traces
FIG. 2. Large-scan STM image of a GaAs:N~001!-(333) surface. The
arrow is used to indicate one example of remaining As dimer rows. The
sample bias is 23.0 V ~filled-state imaging!.363Gwo, Tokumoto, and Miwall Rights Reserved.
of the initial As-terminated GaAs~001!-(234) surface.
The more detailed surface structure can be revealed by
the high-resolution STM images ~Fig. 3!. In the
32-ordered row areas, the high-resolution STM images
show that most of the topographic maxima consist of two
adjacent beanlike ~with the long axis along the @1¯10# direc-
tion! features, consistent with the previous STM studies for
the b2(234) configuration of the As-terminated GaAs~001!
surface.19 These beanlike features have been concluded to be
pairs of As atoms dimerized in the @1¯10# direction. Likewise,
in the (333)-ordered regions, most of the topographic pro-
trusions were also found containing two adjacent beanlike
features with an identical orientation, which suggests anion
dimers also exist on the (333)-ordered surface ~cations
would dimerize in the @110# direction!. Due to the high vola-
tility of As at the sample temperature during N exposure and
a much larger reactivity of N radicals with Ga, those anion
dimers should consist of N atoms. To the best of our knowl-
edge, this is the first direct observation showing the exis-
tence of N dimers, previously assumed to be highly unlikely
due to the energy consideration.20 With this finding in mind,
we propose a structural model ~shown in Fig. 4! for the (3
33) structure of one monolayer of coherently strained GaN
on GaAs~001!. The most important features of this model are
the dimerization of N atoms in the @1¯10# direction and the
existence of N vacancy rows ~shown as dark rows in the
STM images! in both @1¯10# and @110# directions with a 33
spacing. We believe that the origin of N vacancy rows is
probably a consequence of minimizing tensile strain energy
and facilitating charge transfer between cations and anions.
In this model, the existence or nonexistence of Ga atoms in
the exposed second atomic layer ~represented by gray
circles! is unable to be directly determined by our data. The-
oretical calculations are needed to clarify this point.
In summary, we have studied the nitridation process of
the As-terminated GaAs~001!-(234) surface using in situ
FIG. 3. High-resolution STM image of a GaAs:N~001!-(333) surface. The
dashed circle enclose one (333) unit cell and the white arrow points to one
remaining As dimer row. The sample bias is 23.0 V ~filled-state imaging!.364 Appl. Phys. Lett., Vol. 71, No. 3, 21 July 1997Copyright ©2001. ASTM and time-resolved RHEED analysis. The N-induced
(333) structure is found to be a genuine surface phase. We
propose the (333) surface is terminated by N dimers, while
the 33 orderings occur due to a regular array of missing N
atomic rows in both @1¯10# and @110# directions.
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